Alternative cleavage and polyadenylation (APA) generates diverse mrnA isoforms. We developed 3′ region extraction and deep sequencing (3′reAds) to address mispriming issues that commonly plague poly(A) site (pA) identification, and we used the method to comprehensively map pAs in the mouse genome. thorough annotation of gene 3′ ends revealed over 5,000 previously overlooked pAs (~8% of total) flanked by A-rich sequences, underscoring the necessity of using an accurate tool for pA mapping. About 79% of mrnA genes and 66% of long noncoding rnA genes undergo APA, but these two gene types have distinct usage patterns for pAs in introns and upstream exons. Quantitative analysis of APA isoforms by 3′reAds indicated that promoter-distal pAs, regardless of intron or exon locations, become more abundant during embryonic development and cell differentiation and that upregulated isoforms have stronger pAs, suggesting global modulation of the 3′ end-processing activity in development and differentiation.
Alternative cleavage and polyadenylation (APA) generates diverse mrnA isoforms. We developed 3′ region extraction and deep sequencing (3′reAds) to address mispriming issues that commonly plague poly(A) site (pA) identification, and we used the method to comprehensively map pAs in the mouse genome. thorough annotation of gene 3′ ends revealed over 5,000 previously overlooked pAs (~8% of total) flanked by A-rich sequences, underscoring the necessity of using an accurate tool for pA mapping. About 79% of mrnA genes and 66% of long noncoding rnA genes undergo APA, but these two gene types have distinct usage patterns for pAs in introns and upstream exons. Quantitative analysis of APA isoforms by 3′reAds indicated that promoter-distal pAs, regardless of intron or exon locations, become more abundant during embryonic development and cell differentiation and that upregulated isoforms have stronger pAs, suggesting global modulation of the 3′ end-processing activity in development and differentiation.
Cleavage and polyadenylation of nascent RNA is essential for maturation of almost all eukaryotic mRNAs and is coupled to termination of transcription 1 . The cleavage and polyadenylation site, or pA, is defined by surrounding cis elements 2,3 including UGUA, AAUAAA or its variants (also known as the polyadenylation signal or PAS) and U-rich upstream elements as well as U-rich and GU-rich downstream elements. The 3′ end-processing machinery, composed of ~20 core factors and many associated factors 4 , is responsible for the cleavage and polyadenylation reaction.
Over half of human mRNA genes have multiple pAs, leading to mRNA isoforms that contain different coding sequences, 3′ UTRs or both 5 . APA can play a significant role in mRNA metabolism by controlling the length of the 3′ UTR and its encoded cis elements 6, 7 . Dynamic regulation of 3′ UTRs by APA has been reported in different tissue types 8, 9 ; cell proliferation, differentiation and development 10, 11 ; cancer cell transformation 12, 13 ; and response to extracellular stimuli 14 . By contrast, pAs in introns and upstream exons have not been fully studied at the genomic level. In addition, the extent that APA regulates long noncoding RNAs (lncRNAs), which are increasingly found to play important roles in the cell 15, 16 , is largely unknown.
Identification of pAs is typically based on the presence of a cDNA sequence corresponding to the poly(A) tail, which is generated by oligo(dT)-based reverse transcription 17, 18 . However, oligo(dT) can also prime at internal A-rich sequences, which produce a string of sequenced As that is indistinguishable from a real poly(A) tail 19 . This internal priming problem is usually addressed computationally by eliminating putative pAs mapped to genomic A-rich regions, but the approach cannot guarantee full elimination of false positives caused by internal priming and can discard real pAs. In addition, some short (oligo(A)) tails are synthesized by noncanonical poly(A) polymerases, such as those involved in exosome-mediated RNA decay 20 . Although the length distribution of the oligo(A) tail is not yet clear, a recent study showed that the RNA species bound by yeast Trf4, a poly(A) polymerase in the TRAMP complex involved in nuclear RNA surveillance, have a median A-tail length of 5 nucleotides (nt) 21 . The same study found that about 10% of the population has oligo(A) tails of between 10 and 14 nt, making them potential targets for oligo(dT) priming and sequencing as false positives.
Here we present 3′READS, a high-throughput method to map pAs and quantitatively measure APA isoform expression. This method completely addresses the issue of internal priming and minimizes the complication of oligo(A) tails on degraded RNAs. Using 3′READS, we systematically mapped pAs in the mouse genome and found APA isoforms in ~79% of mRNA and ~66% of lncRNA genes. We uncovered over 5,000 real pAs located in genomic A-rich regions, which have hitherto been overlooked, underscoring the necessity of addressing the internal priming issue for comprehensive pA analysis. Using 3′READS, we studied APA in the progression of development and differentiation, and we found an overall downregulation of isoforms using promoterproximal pAs, including those in the 3′-most exon as well as in introns and upstream exons. Expression and cis-element analyses indicated that this general trend of transcript lengthening is likely due to global modulation of 3′ end-processing activity.
results development of 39reAds
We reasoned that the internal priming problem could be solved by eliminating the use of oligo(dT) in reverse transcription and sequencing and that oligo(A) tailed-transcripts could be avoided by using conditions that discriminate between RNAs with long and short A tails. To this end, we developed 3′READS (Fig. 1a and Online Methods). Briefly, after fragmentation of RNA, we captured poly(A)-containing RNA fragments on magnetic beads coated with a special chimeric oligonucleotide that contained 45 thymidines (Ts) at the 5′ portion and 5 uridines (Us) at the 3′ portion, dubbed CU 5 T 45 . Its long sequence compared to that of a regular oligo(dT), which is typically fewer than 25 Ts, enabled us to develop an experimental condition that enriched RNAs with 60 terminal As by ~12-fold over those with 15 As (Fig. 1b) . RNase H digestion was used to release RNA from the beads and to remove most of the As of the poly(A) tail. We ligated eluted RNA to 5′ and 3′ adaptors, and then we performed reverse transcription, PCR amplification and deep sequencing (see Supplementary Table 1 for adaptor and primer sequences). The resulting reads were aligned to the genome, and those with at least two nongenomic As at the 3′ end were considered as poly(A) site-supporting (PASS) reads and were used for pA analysis (Fig. 1c) .
Using mouse reference RNA (cell line mix 1 in Supplementary  Table 2) , we found that 56% of the reads generated from 3′READS were PASS reads (Fig. 1c) . As expected, the nucleotide profile of the genomic region around the last aligned position (LAP) of these reads was similar to that of pAs reported before 5 , indicating that PASS reads are suitable for pA mapping. About 27% of all reads were also aligned near pAs but had no or one nongenomic A (Fig. 1c) . Presumably, the poly(A) tail sequence of the RNA fragments for these reads had been completely digested by RNase H. The remaining 17% of the reads were distributed along transcripts (Supplementary Fig. 1 ). About one-third of them (6% of total) had the LAP flanked by A-rich sequences, whereas the rest (11% of total) did not (Fig. 1d) . Conceivably, the former reads were generated because of binding of RNA with internal A-rich sequences to the CU 5 T 45 oligonucleotide, whereas the latter ones might have come from degraded RNAs with oligo(A) tails.
For comparison, we extracted 3′ ends with an oligo(dT) 10-25 -coated column commonly used for poly(A) + RNA selection. This column led to far fewer PASS reads (27%) and more reads mapped to A-rich or other regions (3.5-fold, Fig. 1c,d) , supporting the effectiveness of using CU 5 T 45 in distinguishing poly(A) tails from internal A-rich sequences. Notably, because reads lacking additional As after alignment are not used for pA identification in 3′READS, the issue of 'internal priming' essentially does not exist. In addition, because the five Us in the CU 5 T 45 oligonucleotide can protect some As from digestion by RNase H through RNA:RNA base pairing, the eluted RNAs were more likely to have terminal As than those eluted from oligo(dT) 10-25 -coated beads (Fig. 1c) , making the resultant reads more usable for pA analysis.
To further evaluate the performance of 3′READS, we examined PASS reads mapped to ribosomal RNAs (rRNAs), small nucleolar RNAs (snoRNAs) and small nuclear RNAs (snRNAs), which are not polyadenylated. Read mapping to these RNAs would be due either to internal A-rich sequences or to the oligo(A) tail produced during their maturation or degradation 20 . The CU 5 T 45 oligonucleotide generated only 17% as many PASS reads mapped to rRNAs, snoRNAs or snRNAs as oligo(dT) 10-25 did (Fig. 1e ). We next compared 3′READS with PolyA-seq 22 and PAS-Seq 23 , two recent deep-sequencing methods for pA mapping that use oligo(dT) for reverse transcription. 3′READS generated fewer reads aligned to rRNAs, snoRNAs or snRNAs, by a factor of >10 ( Supplementary Fig. 2a ), indicating that 3′READS can substantially mitigate false positives caused by internal A-rich sequences and oligo(A) tails. Notably, over half of the original pAs (not filtered for internal priming) mapped by PolyA-seq were surrounded by A-rich sequences ( Supplementary Fig. 2b ), and the overall nucleotide profile of these sites was similar to that of the sites for non-PASS reads in this study (Fig. 1d) . This indicates that internal priming is a serious issue for methods that use oligo(dT) for reverse transcription. We also compared our data with those of 3P-Seq, which does not use oligo(dT) for reverse transcription. 3′READS gave rise to 54% more usable reads for pA mapping than 3P-Seq 24 ( Supplementary Fig. 2c ). This result is presumably due to the stringent washing condition and smaller number of sample processing steps used in 3′READS (Supplementary Discussion).
Using replicate samples, we found that 3′READS had good reproducibility, with Pearson correlation r ≥ 0.95 between replicates ( Supplementary Fig. 3a) . As expected, genes expressed at low levels had higher variations than those expressed at high levels. When different isoforms of a gene were combined, the 3′READS data were well correlated with those of RNA-seq (Pearson r = 0.89) ( Supplementary Fig. 3b ), indicating that 3′READS data are quantitative. Taken together, our data indicate that 3′READS is an accurate and efficient method for quantitative analysis of APA isoforms and gene expression.
comprehensive mapping of pAs in the mouse genome Using 3′READS, we set out to comprehensively map pAs in the mouse genome, which, despite the central role of mice as a model for mammalian biology, has poor pA annotations as compared to the human genome 17 . We used RNA samples from (i) male and female whole bodies; (ii) embryos at 11, 15 and 17 days (d); (iii) brain and testis tissues at different postnatal stages; and (iv) over 11 cell lines, yielding ~54 million PASS reads in total (Supplementary Table 2 ). We found ~25% of the PASS reads were aligned to regions downstream of RefSeq-supported 3′ ends, indicating incomplete gene annotation by the RefSeq database (Fig. 2a,b) . To address this issue, we used cDNAs and expressed sequence tags (ESTs) from the US National Center for Biotechnology Information databases, and strand-specific RNA-seq reads from the ENCODE project 25 to connect the pAs mapped by 3′READS to RefSeq-defined genic regions (Online Methods). This step resulted in extension of the 3′ end for 9,612 genes with a median extension length of 307 nt (Fig. 2c) . Our 3′READS data expanded the number of pAs currently annotated for mouse in the PolyA_DB 2 database by more than 2.5-fold (Fig. 2d) . Consistent with our previous results 5 , 42% of the pAs were associated with AAUAAA, 15% with AUUAAA and 22% with variants of A[A/U]UAAA, and 21% were not associated with any prominent PAS in the region from −40 to −1 nt relative to the cleavage site (Supplementary Fig. 4a ).
In total, we examined 17,551 mRNA genes and 2,600 lncRNA genes in the mouse genome. When we required the relative abundance of an APA isoform to be above 5% in at least one sample, 78.5% of mRNA genes and 66.0% of lncRNA genes were found to undergo APA (Fig. 2e) . On average, we found 4.0 pAs per mRNA gene and 2.6 pAs per lncRNA gene ( Fig. 2e and Supplementary  Fig. 4b ). Data simulation indicated that our mouse pA collection for mRNA genes was near saturation with the RNA samples used in the study (Supplementary Fig. 4c) . Overall, the pAs in mRNA and lncRNA genes were surrounded by similar cis elements ( Supplementary Fig. 5 and Supplementary Table 3) . pAs in A-rich regions Notably, 5,392 identified pAs (7.6% of total) were surrounded by genomic A-rich sequences, which would have been filtered out as internal priming candidates if a method employing oligo(dT) in reverse transcription had been used 26 . Except for the A-rich sequences around the cleavage site, these pAs, named A-rich pAs for simplicity, had upstream A-rich and downstream U-rich peaks around the cleavage site similar to those of regular pAs (Fig. 3a) . This is in stark contrast to the internal A-rich sequences that led to non-PASS reads (Fig. 1d) . Notably, transcripts using A-rich pAs were generally more abundant than those using non-A-rich pAs (Fig. 3b) , and A-rich pAs were more likely to be associated with AAUAAA than were non-A-rich pAs in both −40-to −11-nt and −10-to −1-nt regions (Fig. 3c) .
We next wanted to validate the A-rich pAs identified by 3′READS. We reasoned that the surrounding regions of real pAs npg should exhibit stronger binding of cleavage and polyadenylation factors than random regions in the gene. To test this, we carried out cross-linking immunoprecipitation and high-throughput sequencing (CLIP-seq) using C2C12 cells and an antibody against the core cleavage and polyadenylation factor CstF64 ( Supplementary Fig. 6 and Online Methods). A-rich and non-A-rich pAs had similar CstF64 bindings in their surrounding regions, and both types had much stronger (>13-fold) CstF64 association than randomly selected regions in genes (Fig. 3d) . This result further confirms that the A-rich pAs we identified are genuine sites.
Alternative pAs in mrnA and lncrnA genes We next examined alternative pAs in the mouse genome. pAs can be located in the 3′-most exon or upstream regions (Fig. 4a) . pAs in the former group were further divided into the 'single' type when there was only one pA in the 3′-most exon or into the 'first' , 'middle' or 'last' types according to their relative locations. pAs in upstream regions were grouped into the 'intronic' type, if there was RefSeq evidence indicating that the pA could be removed by splicing, or the 'exonic' type otherwise. As we did previously 27 , we further separated intronic pAs into two subgroups: intronic pAs in skipped terminal exons or composite terminal exons (Fig. 4a) . We found that mRNA genes were more likely to have alternative pAs in the 3′-most exon, whereas lncRNA genes were more likely to have pAs in upstream regions (Fig. 4b) : 70% of lncRNA genes with APA had intronic or upstream exonic pAs compared to 53% for mRNA genes with APA. This notion was further supported by relative expression levels of different APA isoforms (Fig. 4c) : for mRNA genes, APA isoforms using 3′-most exon pAs were expressed at much higher levels than those using upstream-region pAs, whereas the difference between these isoform types was much smaller for lncRNA genes. The PAS usage pattern for different pA types in lncRNA genes was similar to that for mRNA genes (Fig. 4d) . For example, the single and last pAs were more likely to be associated with AAUAAA than other types. Confirming the overall validity of identified pAs, all types of pAs had much stronger (>10-fold) CstF64 binding than randomly selected regions (Fig. 4e) . However, pAs in different locations appeared to have distinct interactions with CstF64: single pAs in genes had the highest CstF64 binding, and pAs in composite terminal exons and in the middle of 3′-most exons had the lowest binding. Future analyses are needed to address underlying mechanisms for variation of CstF64 binding.
About one-third of all alternative pAs in multi-exon mRNA genes were in upstream regions, most of which (>97%) led to isoforms with different coding sequences (Fig. 4f) . APA in the 3′-most exon resulted in about sevenfold difference in 3′ UTR length between the shortest and longest isoforms (medians of 249 nt and 1,773 nt for these isoforms, respectively; Fig. 4g) . Therefore, APA can substantially affect the proteome and mRNA metabolism in the cell. To understand the significance of APA for lncRNAs, we examined pA locations relative to conserved elements of lncRNAs, assuming these elements are important for lncRNA functions. We found that ~45% of the conserved elements were downstream of the first pA when the site was located in an intron or upstream exon; ~15% were downstream when the first pA was in the 3′-most exon (Fig. 4h) , suggesting that APA can play a notable role in regulation of lncRNA functions.
regulation of APA in development and differentiation
We previously reported progressive lengthening of 3′ UTRs in mouse development and in cell differentiation by surveying about 500-1,800 genes using microarray data 10 . For a more systematic analysis of APA, we used 3′READS to characterize differentiation of C2C12 and 3T3-L1 cells, which represent myogenesis and adipogenesis, respectively (Fig. 5a) . In addition, we compared whole embryos at 11 and 15 embryonic days. We first examined APA in the 3′-most exon (Fig. 5b) . Consistent with our previous findings, genes with relatively upregulated distal pA isoforms significantly outnumbered those having relatively npg upregulated proximal pA isoforms in 3T3-L1 differentiation, C2C12 differentiation and embryonic development (by 5.1-, 2.2-and 2.1-fold, respectively). In addition, significantly more APA events were consistently regulated in these processes than were oppositely regulated (Supplementary Fig. 7a ). However, distinct APA events in each sample set could be clearly discerned. An example of consistent APA regulation in cell differentiation is shown in Supplementary Figure 8a . This result confirms our previous finding of general 3′ UTR lengthening in development and differentiation. We next examined alternative pAs in upstream regions, which had not been examined by microarrays because of probe limitations. We first grouped together all isoforms using intron or upstream exon pAs for each gene and compared their change of abundance with that of isoforms using 3′-most exon pAs, which were also grouped together (Fig. 5c) . Notably, we found that more genes had relatively upregulated 3′-most exon pA isoforms than relatively upregulated intron or upstream exon pA isoforms, by 5.6-, 4.0-and 4.2-fold for 3T3-L1 differentiation, C2C12 differentiation and embryonic development, respectively. Like APA in the 3′-most exon, both commonly and distinctly regulated APA events in these sample sets could be identified ( Supplementary  Fig. 7b ). An example of consistent APA regulation in cell differentiation is shown in Supplementary Figure 8b . Together with the observations of APA in 3′-most exons, this result indicates that isoforms using promoter-distal pAs are generally upregulated in development and differentiation, regardless of intron or exon locations.
We next wanted to address whether isoforms regulated in development and differentiation share features other than their pA locations. We first examined isoform abundance in the wholebody mix and cell line mix samples. Isoforms that are relatively upregulated in development and differentiation tend to have higher expression levels in these samples than isoforms that are relatively downregulated (Fig. 5d) , suggesting that isoforms with strong pAs are more likely to be upregulated than those with weak pAs. Consistent with this hypothesis, we found that 5-mers known to enhance cleavage and polyadenylation were enriched for regions around the pAs of upregulated isoforms (Fig. 5e) , including AAUAAA in the −40-to −1-nt region, UGUA and U-rich elements in the −100-to −41-nt region, and UGUG elements in the +1-to +100-nt downstream region. Consistently, upregulated isoforms were more likely to have AAUAAA, as compared to other PAS types, than downregulated isoforms (Supplementary Fig. 9 ). Thus, we conclude that pA strength is a significant parameter in determining APA regulation in development and differentiation. discussion Numerous deep sequencing methods for pA analysis have recently been reported 22, 23, 24, [28] [29] [30] [31] [32] . However, most of these methods use the oligo(dT) sequence for reverse transcription, opening the possibility of internal priming. For example, more than half of the original pAs mapped by PolyA-seq are flanked by A-rich sequences (Supplementary Fig. 2b) , underscoring the severity of this problem. Direct RNA sequencing using the Helicos system 28 does not require reverse transcription, but this method can also be affected by internal A-rich sequences because oligo(dT) is used to fill the poly(A) tail region before sequencing.
The key issue with internal priming is that it is impossible to determine whether the unaligned As in reads come from the real poly(A) tail or the oligo(dT) sequence in the primer. We found that even under a stringent condition, such as the one used in 3′READS, RNAs with internal A-rich sequences can still bind oligo(dT) (Fig. 1c) . In addition, RNA fragments not from genomic A-rich regions can also bind oligo(dT) (Fig. 1d) , presumably owing to oligo(A) tails. Surprisingly, these two types of RNA species can account for ~17% and ~60% of the total reads generated from CU 5 T 45 oligonucleotide and oligo(dT) [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , respectively. Thus, for pA mapping, it is critically important (i) not to use oligo(dT) for priming in reverse transcription and (ii) to use unaligned As in reads for quality control. On the other hand, because 3′READS is not affected by the internal priming issue, we have been able to uncover nearly 8% of all mouse pAs that are located in genomic A-rich regions; they would have been removed by normal criteria of standard filtering methods to address internal priming 26 .
We found a global trend of upregulation of isoforms using promoter-distal pAs in development and differentiation. The regulation of alternative pAs in the 3′-most exon is consistent with the result we previously reported using microarray data 33, 34 and is in line with the notion that proliferating cells generally express short 3′ UTR isoforms 11 . The regulation of intron and upstream exon pAs in development and differentiation, however, has never been reported mainly because of technical limitations in using microarrays. Our result indicates that both intron/upstream exon pAs and 3′-most exon pAs follow the same global trend of regulation, leading to transcript lengthening. Several mechanisms may contribute to this phenomenon. First, our cis-element analysis indicated that, compared to downregulated isoforms, upregulated isoforms tend to have pAs with enhancing elements for pA usage, such as upstream AAUAAA, UGUA, and U-rich elements and downstream GU-rich elements. This suggests that the 3′ end processing activity weakens in development and differentiation. This is consistent with our previous result showing downregulation of mRNA expression in development and differentiation for many genes involved in 3′ end processing 34 . Importantly, this result readily explains why not all genes have 3′ UTR lengthening in these processes: it is the strength of pA rather than its location that is the primary determinant for regulation. Second, a recent study reported a significant role for U1 small nucleolar ribonucleoprotein (snRNP) in regulating transcript length 35 . Modulation of the activity of U1 snRNP relative to that of 3′ end processing in development and differentiation can contribute to greater usage of promoter-distal pAs. The detailed mechanisms and biological implications of this phenomenon need to be elucidated in future. methods Methods and any associated references are available in the online version of the paper.
Accession codes. NCBI Gene Expression Omnibus GSE42398.
Note: Supplementary information is available in the online version of the paper. nAture methods reads from more than one sample and (ii) ≥2 distinct PASS reads (defined by the number of As and the four random Ns) and ≥5% of all PASS reads for the same gene in at least one sample.
Extension of the 3′ end of genes. We used cDNA and EST data from NCBI and directional paired-end RNA-seq data from the ENCODE project 25 to extend the 3′ ends defined by RefSeq. An extended region is between the 3′ end defined by RefSeq and pAs mapped by 3′READS and is covered by cDNA/EST sequences or RNA-seq reads without a gap greater than 40 nt. We also required that the 3′ UTR extension not exceed the transcription start site of the downstream gene. For genes located in an intron of another gene, the 3′ end extension was required not to go beyond the 3′ SS of the intron.
pAs flanked by A-rich sequences. An A-rich sequence around a pA was defined as ≥6 consecutive As or ≥7 As in a 10-nt window in the −10-to +10-nt region around the pA. pAs associated with A-rich sequences are typically filtered because they can be derived from internal priming when a primer containing oligo(dT) is used in reverse transcription 17 .
APA analysis.
The expression level of each APA isoform was indicated by the reads per million (RPM) value, which was calculated as the total number of PASS reads per million total uniquely mapped PASS reads for the sample. For analysis of APA regulation, Fisher's exact test was used to examine whether the abundance of an APA isoform compared to that of other isoforms was significantly different between two samples. lncRNA genes. lncRNAs were based on noncoding genes annotated in the RefSeq and Ensemble databases, excluding rRNAs, microRNAs, snoRNAs, snRNAs, tRNAs and those overlapping with mRNA genes on the same strand. We required lncRNAs to be longer than 200 nt. Conserved elements were obtained from the UCSC table browser (Euarchontoglires Conserved Elements for mm9) 39 and were mapped to exonic regions of lncRNAs.
Identification of PAS.
As previously described 5 , we first selected the 6-mer with the highest occurrence in the −40-to −1-nt region upstream of all pAs. Once a 6-mer (PAS) was identified, all associated pAs were removed and the remaining pAs were searched for the next most prominent 6-mer. This process was repeated until the top ten most prominent PAS 6-mers were identified.
Cis-element analysis. We studied cis elements in four regions around the pA, i.e., −100 to −41 nt, −40 to −1 nt, +1 to +40 nt and +41 to +100 nt. As previously described 40 , for each region, we calculated Z oe for each 6-mer the difference between observed (o) and expected (e) occurrence frequencies: Z oe = (N o (H)−N e (H))/ SD oe (H), where N o (H) is the observed occurrence of 6-mer H, N e (H) is the expected occurrence based on the first-order Markov Chain model of the region, and SD oe (H) is the s.d. of N o (H)− N e (H) 40 .
CLIP-seq data analysis. CLIP-seq reads were aligned to the mouse genome (mm9) using the program Novoalign (http://www. novocraft.com/). Identical reads in a sample were counted only once. The reads with deletion(s), which are caused by skipping of reverse transcriptase at the UV cross-linked nucleotide 41 , were used for analysis, and the genome location corresponding to the deletion was used to indicate the read location. The enrichment score was the ratio of read density within 40 nt around the pA to that in randomly selected regions of the same size in the same gene set. A bootstrap resampling method was used to get the 90% confidence interval as described before 33 . The Z score for 5-mers was calculated by Z = N(P)/SD(P), where N(P) is the occurrence of 5-mer P, and SD(P) is the s.d. of N(P).
